Robinia pseudoacacia is the main arbor species in the coastal saline-alkali area of the Yellow River Delta. Because most studies focus on the aboveground parts, detailed information regarding root functioning under salinity is scare. Root traits of seedlings of R. pseudoacacia including morphological, physiological and growth properties under four salinity levels (CK, 1‰, 3‰ and 5‰ NaCl) were studied by the pot experiments to better understand their functions and relationships with the shoots. The results showed that seedling biomass decreased by the reduction of root, stem and leaf biomass with the increase of salinity levels. With increasing salinity levels, total root length (TRL) and total root surface area (TRSA) decreased, whereas specific root length (SRL) and specific root area (SRA) increased. Salt stress decreased root activity (RA) and the maximum net photosynthetic rate (Amax) and increased the water saturation deficit (WSD) significantly in the body. Correlation analyses showed significantly correlations between root morphological and physiological parameters and seedling biomass and shoot physiological indexes. R. pseudoacacia seedlings could adapt to 1‰ salinity by regulating the root morphology and physiology, but failed in 5‰ salinity. How to adjust the water status in the body with decreasing water uptake by roots was an important way for R. pseudoacacia seedlings to adapt to the salt stress.
H I G H L I G H T S
• Salt stress is the key limited factor of plantation construction in the Yellow River Delta.
• The growth of Robinia pseudoacacia seedlings was significantly inhibited by saline-alkali degrees.
• Eco-physiological adaptability of R.
pseudoacacia was determined by aboveground parts and root.
• To control water uptake of R. pseudoacacia seedling by rhizosphere was an important way under salt stress.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
A comprehensive understanding of the pattern of forest growth is important from both the economic and the ecological points of view. In an even-aged plantation, the above-ground net primary productivity usually decreases with age following the canopy closure (Ryan et al., 1997) . The mechanisms and potential causes conducive to the decline in above-ground net primary productivity have attracted considerable attentions from forest ecologists and resource managers during the recent decades, and have become a hot topic of research in recent years (Bond et al., 2007; Martínez-Vilalta et al., 2007; He et al., 2012; Baret et al., 2015) . A large number of studies have attempted to explain this decline by photosynthetic physiology and the effects of stand age on soil nutrient availability, on biomass allocation, and on stand structure (Mao et al., 2011) . However, how below-ground biomass dynamics with stand development is not clear at present (Ryan et al., 1997; Yuan and Chen, 2012) .
Root production accounts for 33-67% of the global terrestrial net primary production (Abramoff and Finzi, 2015) , which plays a fundamental role in terrestrial carbon cycling (Jackson et al., 1997) . For an individual tree, root biomass is roughly 18-45% of the total biomass (Fogel, 1983) . Roots are predominantly responsible for the uptake of water and mineral nutrients from the soil (Norby et al., 2004) , nutrient storage and transport (Ouimet et al., 2008) , etc. Through the same scion cultivar of Prunus persica growing on the rootstocks with differing sizecontrolling potentials, Solari et al. (2006) found that rootstocks had a pronounced effect on shoot growth and photosynthetic capacity. Qi et al. (2012) thought Zea mays with greater root systems would lead to higher yield. Moreover, root systems are highly dynamic over various temporal and spatial scales (Brassard et al., 2009) , and are responsive to changes in environmental conditions, such as soil nutrients (Kochsiek et al., 2013) , moisture (Pedroso et al., 2014) , salinity (Hill et al., 2013) , etc.
Today, more than 7% of the world's land is salt-affected (Pitman and Läuchli, 2004) . Salinization has become a major concern throughout the world (Liang et al., 2005; Setia et al., 2013) and especially in China (Liu et al., 2015) . Roots are first affected by excess salinity (Córdoba et al., 2001; Cavalcanti et al., 2007) . In general, plant root growth has been found to be reduced under salinity (Li et al., 2016; Farissi et al., 2013; Yan et al., 2016) . Furthermore, many plant species decreased their total root length under salinity (Gómez-Bellot et al., 2013; Álvarez and Sánchez-Blanco, 2014; Li et al., 2016) . However, some plants could partially compensate the decrease of root growth by increasing specific root area (Rewald et al., 2011; Hill et al., 2013) . Plant photosynthesis and growth are largely determined by their ability to take up water under salt stress (Farissi et al., 2013) . Increasing root/shoot ratio has been found in many salt-stressed woody seedlings/saplings (Fernández-García et al., 2014; González et al., 2012; Álvarez and Sánchez-Blanco, 2014) , which was probably associated with the osmotic effect of salt stress (Fernández-García et al., 2014) . Ranjit et al. (2016) suggested that roots and shoots had distinct mechanisms of responses to salt stress. However, root performance under salt stress has rarely been conducted in tree species (Hill et al., 2013) .
The Yellow River Delta is the fastest growing delta in the world and a notably land-ocean interaction region. Secondary salinization is one of the most important characteristics in this region and other coastal areas (Cruz-Fuentes et al., 2014) . Moreover, salinization is a crucial factor determining the vegetation distribution in the Yellow River Delta (Xiong et al., 2008) . Vegetative bioremediation is an important reclamation approach on saline-alkali soils (Qadir and Oster, 2004) . Robinia pseudoacacia plantation is the maximum area arbor forest in the Yellow River Delta, exerting significant protective function in reducing natural disasters (Cao et al., 2012) . However, R. pseudoacacia plantation gradually showed obvious degradation for large areas and even the sheet death in the recent decades. Zhang and Xing (2009) thought that high salt content of soil was an important factor for the degradation of R. pseudoacacia plantation. Many researchers have studied the salt tolerance of R. pseudoacacia from seed germination (Cao et al., 2005) , seedling growth , adult tree characteristics (Du et al., 2014a) , etc. However, root performance under salt stress has rarely been addressed (Du et al., 2014b) , which has been playing an important role in soil improvement (Qadir and Oster, 2004) . In this paper, we measured the aboveground and underground characteristics of R. pseudoacacia seedlings under salt stress by pot experiments. The study aimed at exploring the morphological and physiological responses of seedling roots and whether there were significant correlations between root and shoot changes under salt stress.
Materials and methods
Study area
The study was carried out at the Forestry Experimental Station of Shandong Agricultural University, China (36°10′09″N, 117°09′24″E). It is a warm temperate continental monsoon climate in East Asia. The mean annual temperature is 12.8°C, and the minimal and maximum temperature varied from − 6.9°C to 37.5°C. The frost-free period is 186.6 days with an effective accumulated temperature of about 4283.1°C. The average annual precipitation varies from 600 mm to 700 mm, whereas the precipitation falls seldom in spring and mainly in summer. The mean annual relative humidity is 65%. 
Experimental design
This experiment was conducted at the greenhouse in the Forestry Experimental Station. On April 20, 2010, fifty current-year seedlings (mean height, 15 cm and ground diameter 2 cm) were selected and transplanted to the plastic pots (one seedling per pot) of 0.26 m height and 0.28 m diameter. The pots were filled with sand loam soil and pH was 7.05. Then, these seedlings revived until they grew well on May 20. All seedlings were watered well during this period.
The pots (one plant) were arranged according to a randomized block design, with 10 individual replicates per group. Salt treatment was started on May 21 and ended on June 7. We used 1000 mL of NaCl solutions containing 0 mM (control, CK), 50 mM, 150 mM and 200 mM NaCl once every 9 days to each pot, a total of 3 times until the final soil salt content of the 4 treatments was approximately equal to 0, 1‰, 3‰ and 5‰. To avoid osmotic shock, the treatments of 150 mM and 200 mM NaCl solutions were increased gradually by 50 mM every 3 days in the first 9 days. On July 10, the experiment ended. Seedlings were harvested and morphological and physiological parameters were measured.
Plant harvest and determination of morphological and physiological parameters
The mature and fine leaves of five seedlings were used to measure photosynthesis. According to the light response curves, the saturated light intensity was 1400 μmolm
. The maximum rate of photosynthesis (Amax) was measured before the harvest using CIRAS-2 portable photosynthesis system under the saturated irradiance. Then, the seedlings were harvested and separated into roots, stems and leaves. Roots were washed with distilled water, blotted dry on filter paper.
Subsequently, roots were arranged and floated on shallow water in a glass tray (24 cm × 32 cm), scanned (on an HP Scanjet 8200), and analyzed with an image analyzer (Delta-T Area Meter Type AMB2; Delta-T Fig. 3 . Effect of salt treatment on root characteristics in seedlings of Robinia pseudoacacia. Values are the mean of three replicates and Bars represent SD. Different lowercase letters represent significant differences among salinity levels by LSD's test. Devices, Cambridge, UK). Total root length (TRL, mm), total root surface area (TRSA, mm 2 ), number of root tips (NRT) and average root diameter (AD, mm) were determined after the above analysis. Root activity (RA, μg·g −1 ·h − 1 ) was measured according to the triphenyl tetrazolium chloride (TTC) method (Berry et al., 2010) . After determination of fresh weights (FW) and saturated fresh weights (SFW) of roots, stems and leaves, they were dried for 48 h at 70°C for determination of their dry weight (DW). Individual seedling biomass (leaf + stem + root mass, g), root/shoot ratio (RSR, root mass/(leaf + stem biomass)), specific root length (SRL, root length/ root dry weight, mm·g
) and specific root area (SRA, total root surface area/root dry weight, mm 2 ·g −1 ) were accounted. Water saturation deficits of root, stem and leaf (RWSD, SWSD, LWSD, %) were calculated as follows:
Data analysis
One-way analysis of variance (ANOVA) was used to analyze the effects of soil salt content on each of the dependent variables. The least significant difference (LSD) multiple comparisons were conducted when there were significant differences. The statistically significant level was set at P b 0.05. Correlation analyses were used to investigate relationships between root morphological and physiological characteristics and other variables. All statistics were carried out using the SPSS for Windows 13.0 (SPSS, Chicago, IL, USA).
Results
Seedling biomass
Seedling biomass decreased significantly with increasing salinity levels (F = 46.76, P b 0.01; Fig.1 A) . Similarly, root weight (F = 51.46, P b 0.01), stem weight (F = 51.46, P b 0.01) and leaf weight (F = 42.27, P b 0.01) also significantly reduced with the increase of salinity levels (Fig.1 B) . The above indexes (but not stem weight) showed no significant differences at 1‰ salinity compared to CK (Fig. 1 B) . However, seedling biomass, root weight, stem weight and leaf weight showed an evident reduction percentage of 55.16%, 61.47%, 51.75% and 52.17% at 5‰ salinity as compared to CK, respectively. Root/shoot ratio showed significant changes under salt treatment (F = 9.28, P b 0.01) (Fig. 2) . With the increase of salinity levels, root/ shoot ratio increased and reached the maximum value at 1‰ salinity, and then decreased (Fig. 2) .
Root characteristics
Total root length (F = 39.54, P b 0.01; Fig.3 A) , total root surface area (F = 134.57, P b 0.01; Fig.3 C) , whereas number of root tips (F = 165.39, P b 0.01; Fig.3 E) decreased significantly with the increase of salinity levels. Compared with CK, the three indexes were decreased by 32.94%, 53.51% and 68.76% at 5‰ salinity, respectively. However, SRL (F = 22.05, P b 0.01) and SRA (F = 7.34, P b 0.01) increased significantly with the increase of salinity levels, whereas average root diameter showed no significant changes (F = 1.80, P = 0.18). Compared with CK, SRL and SRA didn't change significantly at 1‰ salinity, respectively (Fig.3 B, D) . Moreover, the two indexes showed significant increases of 78.32% and 22.69% at 5‰ salinity as compared to CK, respectively.
Physiological characteristics
RA decreased significantly (F = 30.50, P b 0.01; Fig. 4 ) with increasing salinity levels. It decreased by 49.05% at 5‰ salinity as compared to CK.
LWSD (F = 168.10, P b 0.01), SWSD (F = 21.32, P b 0.01) and RWSD (F = 165.58, P b 0.01) decreased significantly with the increase of salinity levels (Fig. 5) . Compared with CK, the three indexes increased at 5‰ salinity by 384.17%, 122.41% and 304.10%, respectively. Among the three indexes, the effect of salt stress on RWSD was the largest, followed by LWSD, and SWSD was the smallest (Fig. 5) .
Amax decreased significantly with the increase of salinity levels (F = 37.98, P b 0.01; Fig. 6 ). There was no significant difference for Amax between at CK and at 1‰ salinity, whereas they were higher than other salinity levels (Fig. 6) . Compared with CK, Amax showed a decreased of 54.79% at 5‰ salinity.
Relationships between root parameters and other indexes
Seedling biomass, RM, SM, LM and RSR were significantly positively correlated with TRL, TRSA, NRT and RA and negatively correlated with SRL, SRA and RWSD (Table 1) . RWSD, SWSD and LWSD were significantly negatively correlated with TRL, TRSA, NRT and RA and positively correlated with SRL and SRA (Table 1) . Amax positively correlated with TRL, TRSA, NRT and RA and negatively correlated with SRL and SRA. However, no significant correlation was showed between AD and all indexes (Table 1) . 
Discussion
Salinity has detrimental effects on the plant growth. Li et al. (2016) found that the root and shoot dry weight of Rosa chinensis decreased as the salinity in irrigation water increased. Farissi et al. (2013) found that salt stress reduced the biomass of Medicago sativa by the reduction of root and shoot dry biomass. In this paper, R. pseudoacacia seedlings biomass also decreased significantly with the increase of salinity levels. Root dry biomass decreased more obviously than that of stem and leaf under salinity stress, which suggested that the root had significant effect on the decrease of the seedling biomass of R. pseudoacacia. However, root biomass would not reduce always. The root biomass of Lawsonia inermis was not affected by salinity at 75 mM NaCl (Fernández-García et al., 2014) . R. pseudoacacia seedlings also didn't show significant decrease at 1‰ salinity level and root/shoot ratio increased significantly. Plant species could adapt the appropriate salinity range because they could use some salt ions as osmotic adjustment substance (Koyro, 2006) . The increase of root/shoot ratio is a common response under salt stress (Fernández-García et al., 2014; González et al., 2012; Álvarez and Sánchez-Blanco, 2014) . This trait may favor to limit the accumulation of toxic ions in the aerial parts (Munns and Tester, 2008) . At 5‰ salinity level, the root/shoot ratio of R. pseudoacacia decreased significantly, which was related to the severe reduction of root biomass. The similar result was also found by Fernández-García et al. (2014) and Glaeser et al. (2016) . However, Li et al. (2016) didn't find the significant change in root/shoot ration for R. chinensis, which may be controlled by the genes in plants (Coyle and Coleman, 2005) .
Root morphology determines the ability of the plant to acquire soil resources (Costa et al., 2000; Shi et al., 2015) . R. pseudoacacia seedlings decreased TRL and TRSA, which suggested that the ability of ion and water uptake decreased (Wang et al., 2006) . The decrease of total root length was also found in Euonymus plants (Gómez-Bellot et al., 2013) , Callistemon citrinus (Álvarez and Sánchez-Blanco, 2014) and R. chinensis (Li et al., 2016) . NRT decreased in saline conditions in this study, which indicated that the production of new roots was hampered. This result was perhaps related to the additional carbon costs of roots to sustain water uptake in saline conditions (Buwalda, 1993) . However, SRL and SRA increased with the increase of salinity levels. Olive increased SRA in saline conditions (Rewald et al., 2011; Hill et al., 2013) . Echeveria et al. (2008) found that salinity increased the SRL of Lotus glaber. Increased SRA and SRL may partially compensate for the loss in root biomass under salinity (Hill et al., 2013) , whereas it failed to adapt to the high salinity level for R. pseudoacacia. Root morphology (except AD) was significantly correlated with seedling biomass, WSD and Amax, suggesting that they were vital for R. pseudoacacia to adapt salt stress.
It is a relatively inexpensive way for plants to alter root physiology to adapt to the external environments (Hutchings and John, 2003) . RA and Amax decreased with the increase of salinity levels, indicating that physiological processes of R. pseudoacacia seedling were inhibited significantly. RA was significantly negatively correlated with RWSD, SWSD and LWSD. Therefore, the decrease of water uptake of roots due to decreasing RA led to the deficits of R. pseudoacacia seedlings. An increase in the resistance to water flow from soil to plant is common in saline conditions (Farissi et al., 2013; Kosová et al., 2014; Li et al., 2016; Ranjit et al., 2016; Álvarez and Sánchez-Blanco, 2014) . In this paper, roots suffered the most severe water deficit. High WSD reflect the low level in relative water content that constitutes a determinant factor for the metabolic activity (Farissi et al., 2013) . Consequently, the reduction in Amax was because of the low level in relative water content in the body of R. pseudoacacia. However, the reduction of water content in the body could prevent salt ion reaching the photosynthetic tissues (Ranjit et al., 2016) . A reduction in stomata conductance was also one of the main causes of photosynthesis decline, which could favor to conserve water status and prevent absorbing salt ion under salt stress (Fernández-García et al., 2014; Álvarez and Sánchez-Blanco, 2014) . Therefore, the ability of water conservation was crucial for plant species to adapt salt stress (Fernández-García et al., 2014) .
Conclusions
Roots were the crucial organ for R. pseudoacacia seedlings to adapt salt stress. R. pseudoacacia seedlings showed no significant decrease on root biomass and increased root/shoot ratio at 1‰ salinity level, which suggested that it could adapt this low salinity level. Roots decreased TRL and TRSA, leading to the decrease of the space of absorbing water and ion. At the same time, the significant reduction of root activity decreased the absorption capacity of water and ions, too. Although there was significant water deficit due to the decrease of absorbing water by roots, but the photosynthetic capacity didn't decreased. However, the reductions of root biomass, root/shoot ratio, root activity and photosynthetic rate at 5‰ salinity level indicated that roots failed to adapt to the high salinity level. Therefore, the manner that roots controlled water status in order to reduce the accumulation of salt ions in the body by the morphological and physiological regulation was an important adaptive strategy for R. pseudoacacia under salt stress.
Because roots of all sizes are inherently difficult to sample (Berhongaray et al., 2013) , the structure and function of plant underground part is less understood than aboveground, and the mechanisms Table 1 Correlations between root parameters and other measured variables under salinity. that control fine root dynamics are still poorly understood (Yuan and Chen, 2012) . Moreover, roots play an important role on soil microbial community and enzyme activity (Xiao et al., 2015) and soil improvement. Therefore, in the future, it is needed to explore the salt tolerance of the adult trees of R. pseudoacacia based on roots and soil microbial community in the coastal saline soil of the Yellow River Delta, which provides a theoretical basis for the vegetation restoration in this area.
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